The effect of post-growth annealing on InAs/GaAs quantum dot solar cells (QDSCs) has been studied. A significant improvement in photoemission, photocurrent density, and spectral response has been observed with post-growth annealing. The optimal anneal temperature was found to be 700°C, which lead to an 18% improvement in current density from 4.9 mA cm -2 for as-grown sample to 5.8 mA cm -2 . We assign this enhanced performance to the reduced density of inherent point defects that was formed at the quantum dot (QD) and GaAs barrier. Post-growth thermal anneal treatment of QDSCs is demonstrated as a simple route for achieving improved device performance.
Introduction
Self-assembled quantum dots (QDs) have attracted much attention due to the interest in the fundamental physics of 3-dimensional confinement, which produces novel optoelectronic devices such as lasers, optical modulators, solar cells and mid-infrared photodetectors [1] . One of the indispensable features of using QD is the flexibility in tuning the effective band-gap, which allows us to tune the optical properties to correspond to the desired wavelengths. QDs are, thus desirably used to absorb specific parts of the solar spectrum within solar cells. In addition, they exhibit radiation tolerance as compared to their bulk counterpart, making them more suitable for space applications [2] , [3] . More importantly, semiconductor QD solar cells (QDSCs) have the prerequisites for several proposed concepts for third generation photovoltaic, such as hot carrier [4] , multi-exciton generation [5] , and especially intermediate band solar cells (IBSC) [6] , [7] which has an overwhelming theoretical efficiency of 63%.
Although the proof-of-concept of QD-based IBSC has been demonstrated via two-photon absorption measurement [8] , [9] , [10] , the intermediate band (IB) to conduction band (CB) absorption remains elusive at room temperature. This is due to several problems: (1) thermal escape of carriers obstructs the second photon absorption process [11] and (2) strain-induced defects from lattice mismatched heterostructures which form non-radiative (NR) recombination centres [12] . To date, several reports have demonstrated the use of high band gap barrier materials to reduce carrier thermal escape, including AlGaAs [8] , [13] and InGaP [14] . More recently, direct QD doping has indicated partial thermal decoupling [15] . However, the techniques mentioned above involves the use of latticemismatch materials and introducing impurities, which could add defects to the active layer of the solar cell (SC). Although strain compensation spacer layers have been used, it usually involves using different bandgap materials [16] , [17] . Hence, a post growth technique that restores the crystal lattice from defects -fortifying the active region from NR recombination centres, is desirable. Rapid thermal annealing (RTA) is a technique that has been extended to post-growth treatment to enhance structural and optical quality of nanostructures via interdiffusion of constituent atoms [18] . Moreover, the intermixing effect modifies the shape of the nanostructure, making it an alternative technique for changing the interband transition energies of QDs [19] , [20] . In this work, we report the improvement of InAs/GaAs QDSC performance via post-growth RTA treatment without compromising the QD structures. Figure 1 shows a schematic illustration of the QDSC structure. The InAs/GaAs QDSC sample was grown by solid-source molecular bean epitaxy (MBE) on an epi-ready n + -GaAs (100) Photoluminescence (PL) measurement was carried out at room temperature with excitation power of 18 mW. The dispersed emission was collected through a lens system and directed to a monochromator with lock-in amplifier. The signal was picked up by a TE-cooled germanium detector. Temperaturedependent measurement consists of the same procedure with the sample mounted inside a cryostat subjected to circulating liquid helium. 
Method

Results and Discussion
Figure 2a compares the PL spectra before and after RTA treatment. The as-grown sample shows a relative weak emission peak at 1080 nm. A dramatic improvement of emission intensity of this peak is observed with RTA at 650 and 700 °C, with negligible spectral shift. Further increase of the annealing temperature to 750 °C leads to a clear blue-shift of PL spectrum and a slight decrease in PL intensity, which is still stronger than that of the as-grown sample. Due to no obvious PL shift for the annealing at 650 and 700 °C, the improvement in PL emission after RTA indicates greater efficiency of radiative recombination after annealing. This suggests that the pathway to NR recombination is supressed after annealing and can be linked to the removal of interior point defects in the active region, which is grown at a lower growth temperature. Although the QDs were grown with the high-growth temperature spacer layer technique at 580 °C, part of the GaAs layers were grown at low temperatures and point defects, such as antisite defects, can still present in the low growth temperature materials due to low surface mobility of Ga adatoms and the excess of As [22] . This result where postannealing treatment improves photoemission is similar to those reported in references with improved PL after RTA, suggesting post-growth annealing can significantly improve the material quality by reducing the concentration of point defects [22] and [23] . The shoulder of the QD peak at 1040 nm is [24] , [25] , [26] . The blue shift of the PL spectrum can be explained by the intermixing of materials at higher temperatures leading to a compositional changes [23] . This is accompanied by a subsequent decrease in GS to ES1 transition from 46 to 39 meV due to a shallower confinement. The decreased photoemission can also be explained by the reduced quantum confinement in the QDs, and thus increased rate of thermal escape, caused by thermally induced intermixing. On the other hand, the degradation of material quality upon high temperature annealing cannot be ruled out. Temperature-dependant PL was used to further study the effect of RTA on
QDSCs. Figure 2b plots the integrated PL intensity of the samples with and without RTA treatment.
For all annealed samples, the integrated PL intensity is stronger than the as-grown sample at all measured temperatures, which confirms the recovery of material quality upon annealing. However, the lower integrated PL intensity of the sample annealed at 750 °C is observed at all temperatures compared to those annealed at 650 and 700 °C. The reduced PL intensity for the sample annealed at 750 °C can thus be attributed to a higher NR recombination rate because the thermal escape of carriers is suppressed at low temperatures. , which marks an 18%
improvement from the reference cell. As the annealing temperature increases to 750 °C, the shortcircuit current is still higher than the as-grown SC but lower than the ones annealed at 650 and 700 °C.
Additionally, the change of open circuit voltage (V oc ) upon annealing follows the same trend as shortcircuit current. The inset of Figure 3 shows the change in J sc and V oc with annealing temperature. The QDSC reference cell has a V oc of 0.79 V, this is consistent with the value previously reported in [15] and [27] . RTA at 700 °C demonstrates an increased V oc by 30 mV to 0.82 V. This correlates well with the PL studies that suggest RTA assists the removal of defects. By improving in the crystal quality of the active medium, there should be reduced impediment to the mobility of the carriers. Thus, carriers have a longer diffusion length, which gives a greater probability of charge extraction to occur before the entering the recombination pathway. Hence, the reduced NR recombination allows a higher voltage to be achieved by the SC. Furthermore, the RTA might also reduce defect assisted tunnelling out of the QDs which could improve the open circuit voltage as observed [28] , [29] . However, annealing at 750 °C causes both J sc and V oc to decrease leading to a reduction in SC performance. This can be attributed to the presence of excessive Ga vacancies in the GaAs diffused from the GaAs/SiO 2 interface at elevated annealing temperature [30] . This degradation of material quality at the annealing temperature of 750 °C is supported by the reduced photoemission intensity observed in the PL measurement for QDSCs annealed at 750 °C .
To gain further insight into the annealing effects on the QDSC, the EQE spectra of QDSCs with and without post-growth annealing are compared in Fig. 4 . Figure 4 shows an increase in spectral response between 450-900 nm after RTA treatments, which reveals that the improvement in J sc can largely be attributed to the GaAs layers of the QDSC. This provides further evidence to support the removal of defects from the GaAs region via RTA. The inset of Figure 4 shows a magnified view from the spectral region that corresponds to QD absorption, which shows an increased spectral response from
QDs after annealing when compared to the un-annealed QDSC. The greatest spectral response was achieved after RTA at 700
°C , but at 750 °C the response reduces which indicates too high temperature annealing can degrade material quality [31] . This correlates well with the results exhibited in the J-V measurement. The EQE gives evidence to suggest the reduction of J sc at 750 °C is primarily due to the GaAs region, as the spectral response from the QD region is almost unchanged.
This signifies that RTA can remove point defects from GaAs grown at 580 °C , but at annealing temperatures (≥750°) vacancy or interstitial defects may re-generate, which distributes in the GaAs region [30] .
We have demonstrated that QDSCs annealed at temperatures above 750 °C begin to reduce the QD photoemission peak, or merge with that of wetting layer. We believe that above this temperature the QDs begin to dissolve into the wetting layer forming quantum well structures and lose the optical/electronic properties exhibited by QDs, including 3-dimensional confinement. Hence, the upper limit for RTA of QDSCs is 750 °C and in order to sustain the prerequisites for IBSCs, RTA should be kept below this value. Previous reports have shown that intermixing upon RTA processing has facilitated tuning to the desired spectral response [20] , [25] , [32] . In our studies, substantial tuning is initiated when the annealing temperature is above 700 °C .
Conclusion
Conventional InAs/GaAs QDSC grown in SK mode has been subjected to post-growth annealing. . From the enhanced photoemission and improved spectral response, we can deduce that RTA has facilitated the restoration of crystal quality in both the InAs and GaAs material in the active layer. This is achieved by reducing the density of point defects in the low growth temperature GaAs spacer layers. 
